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ABSTRACT

The influences of El Nifio—Southern Oscillation (ENSO) eventsin the tropical Pacific on interannual variability
of the coupled ocean—-atmosphere systems in the North Pacific and North Atlantic have been studied using a
suite of experiments with a rhomboidal 30-wavenumber, 14-layer general circulation model (GCM). Observed
month-to-month fluctuations of the sea surface temperature (SST) in the tropical Pacific during the 1950-95
period were prescribed as the lower boundary condition for the GCM. The SST conditions outside of the tropical
Pacific were predicted by a simple ocean mixed layer model with a constant depth. Four independent integrations
under this *‘ Tropical Ocean—Global Atmosphere-Mixed Layer (TOGA-ML)" scenario were conducted.

Both observational and model resultsindicate that the imposed ENSO forcing during midwinter isaccompanied
by prominent atmospheric circulation changes over the North Pacific and Atlantic. These teleconnection patterns
in turn alter the heat exchange across the local sea—air interface. The extratropical SST anomalies generated by
this *“atmospheric bridge” mechanism typically attain maximum amplitudes in late winter or early spring.

Detailed diagnoses of the monthly evolution of the surface heat budget during ENSO episodes at selected
sites have been performed. The simulated SST response exhibits a 1-2 month delay relative to temperature
changes in the overlying atmosphere. This lag relationship is associated with a polarity change of sea-to-air
gradients in anomalous temperature and water vapor mixing ratio in late winter. From late autumn through
midwinter, the action of the climatological wind on these gradients results in enhancement of the developing
SST anomalies. In the months thereafter, the reversed gradients lead to attenuation of the SST signal. Shortwave
radiative fluxes associated with variations in cloud cover play an important role in SST variability at some of
the subtropical sites.

The nature of sea—air feedbacks in the extratropics has been studied by contrasting the output from the TOGA-
ML experiment and from another *“ TOGA"” experiment in which two-way interactions between the atmosphere
and ocean outside of the tropical Pacific were eliminated. Incorporation of sea—air coupling in TOGA-ML is
seen to enhance the persistence of the ENSO-related atmospheric anomalies in the extratropics through late
winter and early spring. Comparison with results from previous studies on midlatitude sea—air interactions
suggests that part of the atmospheric signal in TOGA-ML may be attributed to forcing from extratropical SST

anomalies produced by the atmospheric bridge mechanism.

1. Introduction

There is now abundant observational evidence on the
occurrence of well-defined circulation anomalies in the
extratropical atmosphere during El Niflo—Southern Os-
cillation (ENSO) episodes (e.g., see the recent review
by Trenberth et al. 1998). Weare et al. (1976), Hsiung
and Newell (1983), and Pan and Oort (1990) have also
reported that ENSO events are accompanied by marked
changes in the midlatitude sea surface temperature
(SST) patterns in the North Pacific and North Atlantic.
The concept of an *‘atmospheric bridge” has been in-
voked in various investigations (e.g., Alexander 1990,
1992a,b; Luksch and von Storch 1992; Lau and Nath
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1996) to interpret these sets of relationships between
tropical ENSO phenomena and interannual variability
of the ocean—atmosphere system in the temperate zone.
These studies suggest that the following chain of pro-
cesses may be at work: the extratropical atmosphere
responds to perturbed tropical forcings during ENSO
events; the resulting midlatitude atmospheric anomalies
then exert local influences on the underlying ocean
through alterations of energy and momentum fluxes
across the sea—air interface, thereby generating extra-
tropical SST anomalies. In the above scenario, the at-
mosphere essentially serves as an intermediary (or
“bridge’’) linking ENSO-related SST anomalies in the
tropical Pacific to oceanic variationsin the extratropics.

In our previous study on this subject (Lau and Nath
1996; hereinafter referred to as LN96), different aspects
of the atmospheric bridge mechanism have been studied
using a variety of model experiments. In al of these
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experiments, the month-to-month SST variations in the
tropical Pacific as observed during the past several de-
cades were prescribed at the bottom boundary of alow-
resolution atmospheric general circulation model
(GCM). The interactions between the wintertime GCM
responses in the Northern Hemisphere extratropics with
the underlying oceans were then investigated using a
simple model of the oceanic mixed layer with a constant
depth. The experimental designs ranged in complexity
from one-way atmospheric driving of the mixed layer,
to linear damping of the atmospheric forcing due to
fluctuations of the mixed layer temperature, and to full
two-way coupling between the atmospheric GCM and
the mixed layer. The results from these experiments sup-
port the notion that some of the prominent patterns of
midlatitude SST variability on interannual timescales
are primarily forced by ENSO-related atmospheric cir-
culation anomalies. Some evidence has also been shown
in LN96 on the presence of positive feedbacks of the
midlatitude SST signals on the atmospheric driving.
However, the model diagnoses performed by Alexander
(1992a,b) and Bladé (1999) suggest that such sea—air
feedbacks may actually be negative.

The present study is a continuation of the investi-
gation initiated in LN96. We now focus on a new set
of experiments using a GCM with a twofold increase
in spatial resolution [i.e., rhomboidal truncation at 30-
wavenumber (R30) versus 15-wavenumber (R15) in
LN96]. The higher-resolution model provides a better
simulation of ENSO-related changes in tropical heat
sources and sinks, and in activity of extratropical tran-
sient disturbances. Accordingly, the amplitudes of the
extratropical atmospheric responses appearing in the
R30 runs are more realistic than the R15 results (see
discussion in section 6). The improved performance of
the R30 model motivates us to conduct further analyses
of the detailed seasonal characteristics of the atmo-
spheric bridge mechanism, theimpact of this mechanism
on sea—air coupling in both the North Pacific and North
Atlantic, and contributions of various processes to the
heat budget of the mixed layer at various ocean sites
during prominent ENSO episodes. A stronger attempt
is also made in this study to compare the model results
with available observations. The scope of the present
work is considerably broader than that of LN96, which
is primarily focused on simulation of the bridge linking
the tropical and extratropical Pacific during the winter
season only.

A description of the model tools, experimental design
and observational datasets is given in section 2. Sim-
ulated and observed aspects of the impact of ENSO on
ocean—atmosphere variability in the North Pacific are
presented in section 3. The corresponding results on
ENSO connections with the North Atlantic are shown
in section 4. Various facets of extratropical sea—air cou-
pling that are pertinent to the atmospheric bridge mech-
anism are considered in section 5. The essentia findings
are summarized and discussed in section 6.
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2. Model and observational datasets

The spectral R30 GCM used for this study has been
developed and maintained by the Climate Dynamics
Project at the Geophysical Fluid Dynamics Laboratory.
It has an equivalent horizontal resolution of 3.75° and
~2.2° in the zonal and meridional directions, respec-
tively. Vertical variations are represented at 14 sigma
levels. Boundary conditions and physical processesin-
corporated in this model include land—sea contrast,
large-scale orography, a full hydrological cycle, pre-
dicted cloud cover, radiative transfer and gravity wave
drag. Further details of the model numerics and physics
were described in Gordon and Stern (1982) and Broccoli
and Manabe (1992). The atlas of Alexander and Scott
(1995) contains a comprehensive collection of clima-
tological statistics of this model.

Two types of SST forcing scenarios were considered
in this study. In the first experiment [Tropical Ocean—
Global Atmosphere (TOGA)], observed month-to-
month SST variations were inserted at the lower bound-
ary within the tropical Pecific between ~25°S and
~25°N. Climatological SST values were prescribed at
all remaining ocean grid points. The second experiment
[referred to as TOGA—Mixed Layer (TOGA-ML)] was
similar to TOGA, except that the SST conditions at all
ice-free maritime sites outside the tropical Pacific were
predicted using a simple ocean mixed layer model. The
latter model computed temperature changes in a water
column due to variations in heat and radiative fluxes at
the sea—air interface. The depth of the mixed layer was
fixed at 50 m. Interactions between mixed layers at
neighboring grid points were not considered. The heat
flux adjustment procedure described by Manabe et al.
(1991) has been used to ensure that the climatological
evolution of the mixed layer temperatureisin agreement
with observations. Both the TOGA and TOGA-ML ex-
periments were conducted for the 1950-95 period. The
interannually varying tropical Pacific SST conditionsin
this period were based on the observations compiled by
Smith et al. (1996) using a reconstruction algorithm
based on empirical orthogonal functions. Four parallel
integrations were performed for each of the TOGA and
TOGA-ML scenarios, with each run being initiated from
an independent set of atmospheric conditions.

The model results on various near-surface fields were
compared with corresponding ship observations for the
195093 period, as assembled in the Comprehensive
Ocean—-Atmosphere Data Set (see Woodruff et al. 1987)
and compiled by DaSilva et al. (1994).

3. North Pacific sea—air coupling associated with
ENSO

a. Lagged regression patterns of the SST field versus
ENSO

To depict the temporal evolution of the North Pacific
SST field accompanying ENSO episodes in the tropical
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FiGc. 1. Regression coefficients of bimonthly averages of SST (°C) in the North Pacific vs the standardized Nifio-3
SST index for Jan—Feb. Results based on North Pacific data for (top) Nov—Dec (at a 2-month lead), (middle) Jan—Feb
(simultaneous) and (bottom) Mar—Apr (at a 2-month lag). Left panels show patterns based on four-run ensemble averages
of the SST field simulated in TOGA-ML. Right panels show the corresponding observations.

Pacific, alagged regression analysis has been performed
using the SST time series for individual extratropical
grid points and the time series of an ENSO index. The
latter indicator is chosen to be the observed SST av-
eraged over the central and eastern equatorial Pacific
(5°S-5°N, 90°-150°W), often referred to as the Nifio-3
region. The left panelsin Fig. 1 show the distributions
of the regression coefficients using four-run ensemble
means of the North Pacific SST simulated in the TOGA-
ML experiment. The right panels show the correspond-
ing results based on the observational SST dataset an-
alyzed by DaSilva et al. (1994). The common ENSO
index used in al computations presented here is the
standardized, bimonthly averages of SST values in
Nifio-3 for January—February. The top panels depict the
results obtained by regressing the bimonthly averages
of North Pacific SST for November—December in agiv-
en year upon the ENSO index for January—February in

the following year (i.e., with North Pacific SST leading
the ENSO index by two months). The middle panels
illustrate the patterns for zero lag between SST varia-
tions in the North Pacific and the Nifio-3 region. The
bottom panels show the results with North Pacific SST
lagging the ENSO index by two months (i.e., extra-
tropical SST for March—April versus the ENSO index).
The regression data presented in various panelsin Fig.
1 indicate the typical SST changes in the North Pacific
for a positive SST anomaly of one standard deviation
in the Nifio-3 region.

Both the TOGA-ML and observational results pre-
sented in Fig. 1 reveal that warm SST anomalies in the
tropical Pacific are accompanied by below-normal tem-
peratures within the 35°-50°N zone in the central North
Pacific, and above-normal temperatures off the western
coast of North America and in the subtropical waters
south of Japan. Cold eventsin the tropical Pacific would



1 JuLy 2001

be linked to North Pacific SST variations with polarities
that are opposite to those portrayed in Fig. 1. The prin-
cipal features in Fig. 1 have previously been docu-
mented in many observational studies (e.g., Namiasand
Cayan 1981; Wallace et al. 1990; Deser and Blackmon
1995). By comparing the amplitudes of the signals ap-
pearing in the top, middle, and bottom panels, it is ev-
ident that the North Pacific SST anomalies are much
stronger when they lag the ENSO index (see Figs. le
and 1f) than when they lead the same index (Figs. la
and 1b). This notable asymmetry of the regression co-
efficients with respect to the temporal lag suggests that
the SST patternin Fig. 1 can beinterpreted asaresponse
to ENSO-related forcing in the tropical Pacific.

The model and observed patterns in Fig. 1 are in
general agreement with each other. The negative SST
anomaly in the observation (right panels) is confined to
the central portion of the Pacific basin; whereasthe same
feature in the model result (left panels) extends more
westward to the eastern Asian seaboard. The observed
warm anomaly off the western U.S. coast is less evident
in the model results, probably due to the absence in the
TOGA-ML experiment of oceanic processes such as
horizontal advection, upwelling, and coastally trapped
waves. The magnitudes of the North Pacific SST chang-
es at zero and two-month lags (middle and bottom pan-
els) in the model simulation are larger than the corre-
sponding observed values. A contributing factor to this
discrepancy is the assumption of a constant 50-m depth
for the mixed layer at all ocean grid pointsinthe TOGA-
ML experiment. Observational estimates (e.g., Levitus
1982) indicate that the mixed layer in extratropical
oceans during winter and early spring is actually deeper
than this assumed value. When subjected to atmospheric
driving of a given strength, the comparatively larger
thermal capacity of the observed mixed layer would lead
to aweaker SST response than that simulated using the
thinner 50-m slab. The stronger SST signalsin the mod-
el patterns may also be partially attributed to the rela-
tively large wind and heat flux anomalies simulated in
TOGA-ML, as shown in sections 3b and 3c (see Figs.
3 and 4).

Lagged regression coefficients versus ENSO indices
for calendar months other than January—February have
also been computed. The results (not shown) generally
indicate lower amplitudes and weaker temporal devel-
opment than those presented in Fig. 1. Our choice of
the January—February period for defining the ENSO in-
dex is further justified by the results to be presented
later in this paper. These findings generally indicate a
maximum atmospheric response to ENSO in January—
February, followed by peaks in the SST signals 1-2
months later.

To illustrate the variability of the simulated SST sig-
nals among various outstanding warm and cold ENSO
events in the 1950-95 period and among the four sam-
ples of the TOGA-ML experiment, spatial averages of
the SST anomalies at selected sites have been computed
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for individual ENSO eventsand individual samples. The
two sites chosen for this purpose are located in the sub-
tropical central North Pacific (Site A) and Gulf of Alas-
ka (Site B), and correspond to the principal anomaly
centers in the regression patterns in Fig. 1. The bound-
aries of these sites are depicted in Fig. 3e. The eight
warm ENSO episodes used in this composite procedure
are those with central equatorial Pacific SST anomalies
peaking toward the end of 1957, 1965, 1969, 1972,
1976, 1982, 1987, and 1991, or the beginning of the
following year. The eight cold events are those attaining
full amplitudes near the end of 1950, 1954, 1955, 1964,
1970, 1973, 1975, and 1988, or the beginning of the
following year. These prominent episodes have been
identified in many previous investigations (see review
by Trenberth 1997). The years listed above are labeled
as''Year (0),” and the yearsthereafter as*‘ Year (+1).”
A specific month in the temporal sequence of the com-
posite anomalies is identified by that month followed
by the year (0 or +1) in parentheses, for example, No-
vember (0) refers to November in Year (0), etc.

The areal-averaged SST anomalies in March—April
(+12) for each of the warm and cold events and each of
the four TOGA-ML integrations are displayed using
open circles in Fig. 2, for Sites A (upper panels) and B
(lower panels). The data values have been normalized
by the standard deviation for the corresponding model
run. The average of the standardized anomalies simu-
lated in the four individual runs during a given ENSO
event isindicated using afilled circle. Inspection of the
data presented in Fig. 2 confirms that a majority of the
TOGA-ML runs yield negative SST anomalies in Site
A and positive anomalies in Site B during most of the
warm events (left panels). The polarities of these sim-
ulated SST anomalies are reversed in most of the cold
events (right panels). With very few exceptions, the
four-run ensemble means (filled circles) share the same
polarity in a given panel in Fig. 2.

b. Regression patterns of other surface fields versus
ENSO

The myriad of processes contributing to the North
Pacific SST anomaly patternin Fig. 1 may be delineated
by local changesin the atmospheric circulation and tem-
perature fields near the ocean surface, and the resulting
perturbations in the heat exchange at the sea—air inter-
face during ENSO events. The regression patterns of
selected surface fields versus the observed Nifio-3 SST
index are shown in Fig. 3. These fieldsinclude the near-
surface horizontal wind vector (arrows) and wind speed
(color shading) in the top panels, surface air temperature
in the middle panels, and the sum of sensible and latent
heat fluxes in the bottom panels. Results based on four-
run ensemble averages for the TOGA-ML experiment
are presented in the left panels. The corresponding pat-
terns deduced from ship measurements as analyzed by
DaSilva et al. (1994) are given in the right panels. All
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Fic. 2. Area-averaged SST anomalies for Mar—Apr (+1) in each of the eight selected (left) warm ENSO events and
(right) cold events. Results for Sites A and B (see locations in Fig. 3e) are displayed in the top and bottom panels,
respectively. Open circles indicate data for the four individual TOGA-ML runs, with the anomalies for each run being
normalized by the standard deviation of the 46-yr time series for the respective run. Filled circles indicate the corre-

sponding four-run averages.

computations have been performed using bimonthly av-
erages of both surface fields and the Nifio-3 SST index
for January—February, during which the northern extra-
tropical teleconnections with ENSO are most evident
(e.g., see Trenberth et al. 1998). The sign convention
for the surface fluxes in Figs. 3e and 3f is such that
positive (negative) flux anomalies lead to warming
(cooling) of the oceanic mixed layer.

The top panels of Fig. 3 indicate that warm ENSO
events are coincident with a cyclonic atmospheric cir-
culation anomaly near the surface of the North Pacific.
The westerly anomalies on the southern flank of this
cyclonic feature strengthen the eastward climatol ogical
flow in that region, thus increasing the local wind speed
(see red shading along the 30°-45°N belt in Figs. 3a
and 3b). The enhanced northwesterly flow situated west
and southwest of the cyclonic center is accompanied by
below-normal air temperature near the surface (Figs. 3c
and 3d). Conversely, warm temperatures prevail off the
west coast of North America, where the anomalous cir-
culation is directed poleward. Regression charts for
near-surface water vapor mixing ratio (not shown) are
qualitatively similar to those for air temperature, with
dry anomalies being collocated with cold temperatures,
and vice versa.

The sensible and latent heat fluxes across the sea—air

interface are computed in the GCM using the bulk aero-
dynamic law, which assumes that these fluxes are pro-
portional to the product of the wind speed and sea—air
differences in temperature and water vapor mixing ratio
(see details in section 3c). The regression patterns for
the sum of sensible and latent heat fluxes (Figs. 3e and
3f) are seen to be consistent with the wind and tem-
perature anomalies discussed above. Specifically, the
stronger wind speeds south of the anomalous cyclone
as well as the advection of cold and dry air masses to
the western and central portions of the North Pacific
enhance the heat loss from the ocean in those regions
(thus leading to cooling of the mixed layer); whereas
warm and moist advections along the eastern and north-
eastern sectors of the cyclonic anomaly reduce oceanic
heat |oss. Comparison between the left and right panels
of Fig. 3 indicates that some correspondence exists be-
tween the simulated surface fields and their observa-
tional counterparts. The wind and temperature anoma-
lies based on model data have relatively higher ampli-
tudes. The principal featuresin Fig. 3 also resemble the
observed wind and surface flux anomalies associated
with leading modes of SST or sea level pressure vari-
ability in the North Pacific, as documented by Cayan
(19924, their Fig. 4) and Deser and Blackmon (1995,
their Fig. 4a).
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Fic. 3. Simultaneous regression coefficients of various near-surface quantities in the North Pacific vs the standardized

Nifio-3 SST index for Jan—Feb: (top) surface wind vector

[arrows, see scale at bottom right of (b)] and wind speed

(shading, see scale bar); (middle) surface air temperature (contour interval: 0.2°C); (bottom) sensible plus latent heat
fluxes (contour interval: 2 W m~2; defined to be positive when these fluxes lead to warming of oceanic mixed layer).
Left panels show patterns based on four-run ensemble averages simulated in TOGA-ML. Right panels show the cor-
responding observations. Indicated in (€) are the boundaries of Sites A and B, for which area-averaged quantities are

displayed in Figs. 4 and 5.

The salient similarities between the patterns for heat
fluxes (Figs. 3e and 3f) with those for SST (Fig. 1)
suggest that the surface fluxes play a significant rolein
the formation of SST perturbations in the North Pacific
during ENSO episodes. This finding is in accord with
that of Cayan (1992b), who reported strong temporal
and spatial correlations between observed anomaliesin
heat flux and SST tendency over the extratropical
oceans. However, the results of Miller et al. (1994) and
Seager et al. (2000) indicate that the SST conditions
may also be influenced by other processes in the ocean
interior, such as Ekman transport and vertical mixing.

c. Surface heat budget

We proceed to examine the detailed seasonal evolu-
tion of the surface variables in selected sites, and the
effects of seasonality on the local surface heat budget.
The sensible and latent heat fluxes (F, F,, respectively)
can be written as Fg = —CV(T, — T,) and F, =
_CLV(qo - qa)! where CS = pCpCdl CL = pLCdl P is
the air density, C, is the specific heat of air at constant
pressure, L is the latent heat of evaporation, C, is the
drag coefficient, V is the surface wind speed, T is the
surface temperature, q is the surface water vapor mixing
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ratio, the subscripts o and a refer to the ocean and at-
mosphere, respectively, and q, is the saturation mixing
ratio at T,. Using linearization, perturbations in these
fluxes may be approximated as

Fo= —CV/(T, - T) + V(T, =TI, (1)

Fi~-CIV(& -+ Vi -al, @

where the overbar and prime represent time averages
and deviations from time averages, respectively. In de-
riving the above expressions, contributions from tem-
poral covariances between V' and the quantities T,
T., q., and g, have been neglected. The contributions
of the products between the time-mean and fluctuating
quantities to Fg and F; may hence be discerned by
considering the temporal development of the climato-
logical and anomalous components of V and sea-air
differencesin T and g. Analogous diagnoses of various
components of the surface heat fluxes have previously
been performed by Cayan (1992a), Alexander and Scott
(1997), and Enfield and Mayer (1997).

In Figs. 4 and 5 are shown the month-to-month var-
iations of the long-term averages of T,, T,, d., 9,, and
V (upper three panels); the anomalies of the same quan-
tities (middle three panels); and the anomalies of various
components of the surface heat budget (bottom panel).
All anomalies are computed by subtracting the com-
posite of the four-run means over eight outstanding cold
ENSO eventsin the 195095 period from the composite
over eight warm events in the same period. We shall
henceforth refer to these anomalies as the *“ warm minus
cold composites.” The warm and cold ENSO episodes
used in this composite procedure have been listed in
section 3a (see also Fig. 2). Individual contributions to
the anomalous fluxes at the sea—air boundary are de-
picted in the bottom panel of Figs. 4-5 using a cu-
mulative format. In order to focus our attention on the
effects of the interplay between wind speed and sea—air
gradients, both the observed and simulated heat fluxes
have been estimated by setting C, to the constant value
used in the GCM integrations (i.e., 1 X 10-3), and by
using climatological values of p. The results presented
here are areal averages over Sites A (Fig. 4) and B (Fig.
5), which correspond to the two principal centers of
SST and heat flux variability in the North Pacific (see
boundaries depicted in Fig. 3e).

1) STEA

Datafor Site A from the TOGA-ML experiment and
the observational data compiled by DaSilvaet al. (1994)
are displayed in the left and right halves of Fig. 4, re-
spectively. The observational results presented in this
figure are based on ship measurementsin individual grid
boxes. No spatial interpolation or analysis have been
applied to the latter grid values. The following discus-
sion mostly pertains to the model results. Comparison
between model and observational data will be made
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below. The model climatology is characterized by pos-
itive AT = T, — T,and Ag = 4, — T, throughout the
November—May period (see Figs. 4a and 4b). In accord
with the regression results in Figs. 3aand 3b, the warm
minus cold composites of V' in Fig. 4f show increased
wind speeds at this site, with maximum amplitudes in
January—February (+1). The action of anomalous wind
speeds on the climatological sea—air differences
(through the terms —CV'AT and —C, V'AQ) leads to
cooling of the oceanic mixed layer, with maximum con-
tributions to the surface heat budget occuring in Janu-
ary—February (+1) (see Fig. 49). o

The climatological surface wind speedsV are highest
in January—February (Fig. 4c). The warm minus cold
composites of T and q (Figs. 4d and 4e) indicate that
the predominately negative anomaliesof T, and g, attain
maximum strength in January—February (+1). The cor-
responding variations of T, and g, exhibit a temporal
lag of 1-2 months behind those of T, and g, with the
largest oceanic anomalies typically occurring in Feb-
ruary—March (+1). Thislag relationship isaccompanied
by positive values AT' = T, — T, and Aq’" = q, —
g, in December (0)—February (+1). The action of the
climatological flow on these anomalous sea—air gradi-
ents (through the —CVAT' and —C,VA(Q' terms) re-
sults in oceanic cooling and further enhancement of the
concomitant negative T, anomaly at this site (see Fig.
4g). The amplitudes of T, and g, are seen to decrease
noticeably in the spring of Year (+1); whereas the at-
tenuation of the signalsin T, and q. is delayed and more
moderate. In Figs. 4d and 4e, the curves for the at-
mospheric (blue) and oceanic (red) variables typically
cross each other between February and March (+1). In
the months following this crossover, the polarity of AT’
and Aqg' isreversed, theterms —C VAT’ and —C,VA(Q’
become positive and act to diminish the cold SST anom-
aly in Site A (Fig. 4g). The contributions of shortwave
and longwave radiative fluxes to the surface heat budget
in the TOGA-ML experiment (not shown) are generally
smaller than those of anomalous sensible and latent heat
fluxes presented in Fig. 4g.

The seasonal evolution of the anomalous heat fluxes
during warm ENSO events in the TOGA-ML experi-
ment may be summarized as follows: both the products
of V' with AT and Aq, and the products of V with AT’
and Aq’, result in cooling of the oceanic mixed layer
from November (0) through February—March (+1). In
the following spring, V' drops to near zero and the con-
tributions of —C_V'Aq and —CsV'AT are markedly re-
duced. Concurrently, AT" and Aq’ switch polarity, V
remains large as compared with V', so that —C VAT’
and —C,VAQ' become positive and act to oppose the
cold anomaly of the mixed layer.

Qualitative agreement exists between the model and
observational results in Fig. 4. Both the observed and
simulated variations of T,, T., g, and q. in Figs. 4d
and 4e indicate the intersection between the red and
blue curvesin February—March (+1), as mentioned ear-
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FiG. 4. Temporal variations of different area-averaged quantities for Site A (see location in Fig. 3€). Results are shown
for the climatologies from Nov to May of (&) surface air temperature (T,) and ocean temperature (T,), (b) surface water

vapor mixing ratio (g,) and saturation mixing ratio at T, (q,),

and (c) surface wind speed (V) and for warm minus cold

composites from Nov (0) to May (+1) of (d) T, and T, (€) g, and q,, and (f) V. Warm minus cold composites of various
components of the surface heat fluxes (defined to be positive when these fluxes lead to warming of the oceanic mixed
layer) from Nov (0) to May (+1) are shown in (g). Results based on four-run ensemble averages simulated in TOGA-
ML are presented in the left half of each panel. The corresponding observations are displayed in the right half. The scaling
of the ordinate axes for the model data is the same as that for observational data, except in (d). Light red (light blue)
stippling in (a), (b), (d), and (e) indicate positive (negative) sea—air gradients T, — T, or g, — Q.

lier in this section. The amplitudes of the observed T,
and T, are smaller than those in the model experiment
(note different scales used in plotting the two halves of
Fig. 4d). The —C,VA(Q' term is seen to play a more
prominent role in the observed heat budget than in the
model budget, primarily dueto the notably higher values

of the observed V (see Fig. 4c). The smaller magnitudes
of the observed sensible heat flux terms as compared
to the model values can be attributed to the weaker
AT and AT’ (see Figs. 4a and 4d) based on ship mea-
surements.

To test the accuracy of the linearized form of F 5 and
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Fic. 5. Asiin Fig. 4, but for Site B (see location in Fig. 3e) and
for TOGA-ML data only.

F. [see Egs. (1) and (2)], warm minus cold composites
have also been constructed using the actual sensible and
latent heat fluxes from the model archives. These fluxes
have been computed on a daily basis using the instan-
taneous values of V, AT, and Aq in the course of the
TOGA-ML experiment. Composites of the flux data in-
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clude contributions from the linear termsin Egs. (1) and
(2) as well as nonlinear effects due to temporal co-
variances between V' and AT’ or Aq’. The composite
values of the actual fluxes for Site A (not shown) are
generally within ~20% of the estimates based on Egs.
(1) and (2) during the midwinter months, thusindicating
that the nonlinear terms are of secondary importance
for this site.

2) STEB

Results of the budget analysis based on model data
for Site B are presented in Fig. 5. In analogy to the
situation in Site A, the atmospheric temperature anom-
alies lead the SST anomalies, with the former peaking
in February (+1) and the latter in March-April (+1)
(Fig. 5d). The curvesfor T, and T/ intersect each other
in March—April (+1), so that AT’ is negative prior to
this crossover point, and positive thereafter.

Because of the weak amplitudes of V', contributions
of the terms —C,V'AT and —C, V'AqQ at Site B (see
Fig. 5g) are smaller than those at Site A (Fig. 4g). The
magnitude of AT’ at Site B (Fig. 5d) is larger than that
at Site A (Fig. 4d; note different scales used), so that
—CVAT’ becomes a dominant term in the heat budget
during winter months (Fig. 5g). These contrasts in the
relative importance of various components in the heat
budgets at Sites A and B are consistent with the findings
of Cayan (1992a) and Seager et al. (2000), who noted
that heat flux anomalies at open maritime sites (such as
A) are primarily due to wind variability (i.e., V'), where-
as atmospheric advection of T and g exert strong influ-
ences on the fluxes near coastal regions (such as B).

4. North Atlantic sea—air coupling associated with
ENSO

We now turn our attention to ENSO-related fluctua-
tions in the atmosphere—ocean system in the North At-
lantic. Regression and budget analyses analogous to
those presented in the previous section are repeated here
for the North Atlantic domain. Physical considerations
similar to those applied to the North Pacific will be used
to interpret the following results.

a. Regression patterns

Thedistributions of the regression coefficients of SST
at individual grid points in the North Atlantic versus
the Nifio-3 SST index in January—February are dis-
played in Fig. 6, for Nifio-3 lagging North Atlantic by
two months (top panels), zero lag (middle panels), and
Nifio-3 leading North Atlantic by two months (bottom
panels). Model (observational) results are shown in the
left (right) panels. In view of the weaker SST changes
in the North Atlantic as compared with those in the
North Pacific, the contour interval used in Fig. 6 is one-
half of that in Fig. 1. Inspection of these patterns from
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Fic. 6. Asin Fig. 1, but for the North Atlantic. Contour interval is one-half that of Fig. 1.

top to bottom reveals the emergence of atripolar signal
from late fall to early spring, with warm ENSO events
being associated with above-normal SST a ong two zon-
aly elongated belts centered at ~15° and ~50°N, and
with below-normal temperature in the waters extending
from the Gulf of Mexico to the eastern U.S. seaboard.
This characteristic pattern is similar to that reported in
previous observational studies (e.g., Wallace et al. 1990;
Deser and Blackmon 1993). The emergence of thewarm
anomaly in the subtropical North Atlantic from winter
to spring during warm ENSO events is also evident in
the observational data presented by Curtis and Hasten-
rath (1995, see their Fig. 2). The amplitudes of the SST
changes are distinctly higher when the Nifio-3 index
leads the North Atlantic (Figs. 6e and 6f) than when
Nifio-3 lags the North Atlantic (Figs. 6a and 6b). These

results imply that the impact of ENSO is not confined
to the Pecific basin, but also extends to the Atlantic
sector.

The broad-scale patterns based on model data are
similar to the observations, especially when Nifio-3
leads the North Atlantic (Figs. 6e and 6f). The simul ated
features exhibit a stronger spatial coherence than those
appearing in the observed patterns. There is no indi-
cation in the model result of the negative SST changes
observed along a narrow band centered at ~55°N. In
early spring, the strongest warm SST anomalies within
the belt south of 25°N are observed off the African coast,
whereas the maximum in the simulated patternislocated
in the Caribbean Sea. The observed SST feature near
Africa could in part result from reduced coastal up-
welling due to the weakened northeasterly tradesin that
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Fic. 7. Asiin Fig. 3, but for the North Atlantic. Indicated in (€) are the boundaries of Sites
C, D, and E, for which area-averaged quantities are displayed in Fig. 8.

region during warm ENSO events (see Fig. 7b to be
presented in the following paragraph). This feature is
absent in the model pattern, since the upwelling mech-
anism has not been incorporated in the TOGA-ML ex-
periment.

The simultaneous regression charts of surface wind
vector and wind speed, air temperature, and sum of
sensible and latent heat fluxes in January—February are
presented in Fig. 7 for both model and observational
data. Warm ENSO events are seen to coincide with an
anomalous North Atlantic surface anticyclone with axis
at ~60°N, and an anomal ous cyclone centered at ~35°—
40°N (Figs. 7a and 7b). The easterly flow anomalies

south of the anticyclonic center oppose the local cli-
matological westerlies, thus leading to below-normal
wind speeds in that region. The band of westerly anom-
alies south of the cyclonic feature spans the zone of
climatological westerlies situated north of ~25°N and
the easterly trade wind belt south of that latitude. Con-
sequently, the wind speedsin the zone of prevalent west-
erlies are enhanced, whereas the strength of the trades
is reduced. Advection of warm maritime air masses by
the easterly anomalies along the 40°—60°N belt results
in above-normal air temperatures off the eastern Ca-
nadian coasts (Figs. 7c and 7d). Negative temperature
anomalies are seen off the eastern U.S. seaboard and
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Fic. 8. Asiin Figs. 4 and 5, but for the North Atlantic Sites C (left), D (middle), and E (right), and for warm
minus cold composites of the TOGA-ML data only.

over the Gulf of Mexico, which are under the influence
of cold northerly winds from the North American land-
mass. Southerly winds off South America are accom-
panied by positive temperature anomalies in the Carib-
bean region. The decreased wind speeds and above-
normal air temperatures in the 40°-60°N and 10°-25°N
belts reduce the oceanic |oss to the atmosphere through
sensible and latent heat fluxes, and lead to warming of
the mixed layer (Figs. 7e and 7f). On the other hand,
increased wind speeds and below-normal air tempera-
tures off the Atlantic and Gulf coasts of the United
States are conductive to oceanic cooling. The midlati-
tude wind and flux patternsin Fig. 7 compare well with
the observational results presented previously by Cayan
(1992a) and Deser and Blackmon (1993). The subtrop-
ical features in Fig. 7 are consistent with the corre-
sponding results documented by Curtis and Hastenrath
(1995), Enfield and Mayer (1997), and Klein et al.
(1999) based on observational data.

b. Surface heat budget

To evaluate the contributions of individual processes
to the SST changes at various North Atlantic sites, the
seasonal dependence of different components of the

anomalous local surface fluxes has been analyzed using
TOGA-ML data. These computations are analogous to
those performed for the North Pacific sites (Figs. 4 and
5). The three Atlantic sites (C, D, and E) chosen for
this investigation are indicated in Fig. 7e. They corre-
spond to locations with the strongest heat flux and SST
anomalies. The warm minus cold composites of T,
T., 9. g, V', and individual components of the surface
fluxes at the Atlantic sites are presented in Fig. 8. Sim-
ilar to the situation at Sites A and B (see Figs. 4a—,
5a—), the seasonal climatologies for T,, T,, J,, and
d, at the Atlantic sites (not shown) are characterized by
positive values of AT and AQ in the November—May
period.

The negative wind speed anomalies at Sites C and E
(Figs. 8c and 8k) account for the positive contributions
to the surface fluxes through the —C.V'AT and
—C,V'Aq terms at these locations (Figs. 8d and 8l). In
analogy to the results for the Pacific sites, the oceanic
anomalies T/, g, at Sites C and D typicaly lag the
atmospheric anomalies T, g, by 1-2 months, with the
blue and red curves in Figs. 8a, 8b, 8e, and 8f inter-
secting each other in late winter or early spring. These
temporal relationshipslead to —C VAT’ and —C VA(Q'
contributions with the same (opposite) polarity as T, in
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Fic. 9. Warm minus cold composites of the cloud amount at individual grid boxes (%; see scale bar at bottom) in
Jan—Feb (+1), as computed using (@) TOGA-ML data and (b) ship observations. No color shading is used in grid

boxes in (b) that have inadequate data coverage.

the period before (after) the intersection point (Figs. 8d
and 8h).

The surface budget at Site C is dominated by the
sensible and latent heat flux components (Fig. 8d). The
contributions of shortwave radiative fluxes are more ev-
ident in Sites D and E (Figs. 8h and 8l). Changesin the
shortwave fluxes in these regions are evidently related
to anomalies in the cloud cover, asillustrated in Fig. 9,
which shows the warm minus cold composites of the
total cloud amount based on January—February (+1)
data from (a) the TOGA-ML experiment and (b) the
atlas compiled by DaSilva et al. (1994). The stronger
northerly flow from the cold continent to the maritime
zone near Site D (Figs. 7aand 7b) resultsin more cloud
formation, thereby reducing the amount of incident solar
radiation and cooling the surface ocean (Fig. 8h). The
enhanced subsidence over the Caribbean Sea and sub-
tropical Atlantic south of ~25°N during warm ENSO
events (e.g., see Klein et al. 1999) is accompanied by
decreased cloudiness (Fig. 9) and increased solar heat-
ing of the mixed layer (Fig. 8l). The composite cloud
pattern based on ship observations (Fig. 9b) lends some
support to the corresponding model result (Fig. 9a), es-
pecially in the western half of the basin. Some differ-
ences between model and observations are discernible
near the African coast. Curtis and Hastenrath (1995)
and Klein et al. (1999) have similarly documented the
changes in cloud amount and radiative fluxes in the
tropical Atlantic during ENSO events. Their findings
also indicate that warm events are coincident with en-
hanced cloud cover north of 20°N, and reduced cloud
amounts south of this latitude.

5. Ocean—atmosphere feedbacks in the extratropics

It is evident from the results presented in the previous
two sections that the ENSO-related SST changes ob-
served in the North Pacific and North Atlantic are pri-
marily responsesto anomal ous atmospheric driving. The
extratropical SST anomalies generated by this atmo-
spheric bridge mechanism could in turn influence the

overlying atmospheric conditions. The nature of such
midlatitude sea—air feedbacks is the subject of investi-
gation in the present section.

a. TOGA-ML versus TOGA: Dependence on location,
season, and ENSO polarity

We first evaluate the impact on the atmosphere of the
extratropical SST anomalies appearing in ENSO epi-
sodes. This issue is approached here by comparing the
atmospheric signals in the TOGA-ML experiment with
those in the TOGA experiment. Since the TOGA-ML
experiment includes prescribed SST forcing in the trop-
ical Pacific as well as simplified two-way sea—air in-
teraction at ocean grid points elsewhere, the extratrop-
ical atmospheric signals in this simulation are the net
result of both remote ENSO forcing and local ocean—
atmosphere feedbacks. On the other hand, the model
atmosphere in the TOGA experiment is subjected ex-
clusively to interannual SST changes within the tropical
Pacific. Therefore the atmospheric responses in that ex-
periment could be attributed to remote ENSO forcing
only. Hence, to the first approximation, the influences
of extratropical sea—air coupling on the local atmo-
spheric variability may be inferred from the differences
between the TOGA-ML and TOGA results.

The composites of the 500-mb-height anomalies over
the eight selected warm ENSO events are shown in Fig.
10. Results for the TOGA-ML and TOGA experiments

L1t is possible that SST anomalies generated in the tropical Indian
and Atlantic Oceans in the TOGA-ML experiment (through tropical
atmospheric bridges, e.g., see Enfield and Mayer 1997 and Klein et
al. 1999) could in turn force teleconnection patterns in the extra-
tropics. Such effects require further study by performing additional
model runs with an experimental design similar to that of TOGA-
ML, but with prescribed climatological SST conditionsin the tropical
Indian and Atlantic Oceans. Comparison of the output from such runs
with the TOGA-ML results would reveal the contributions from SST
variability in tropical oceans outside of the Pacific. This issue could
also be addressed by prescribing SST forcing in the tropical Indian
and Atlantic Oceans only, and analyzing the atmospheric responses
in anomalous SST episodes occurring in those regions.
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Fic. 10. Composites of 500-mb geopotential height anomalies (contour interval: 10 m) over
eight warm ENSO events. Results are shown for individual months in the Dec (0)-Apr (+1)
period. Patterns based on four-run ensemble averages of TOGA-ML and TOGA data are displayed

in the left and right panels, respectively.

are displayed in the left and right halves of the figure,
respectively. To depict the detailed evolution of the cir-
culation anomalies, patterns are presented for each of
the five calendar months in the December (O)-April
(+1) period. The corresponding composites over the
eight cold eventsare shown inFig. 11. The model results
in Figs. 10-11 have been compared with the corre-
sponding observations (not shown) based on reanalysis
data produced by the National Centers for Environ-
mental Prediction and National Center for Atmospheric

Research. It is seen that the TOGA-ML and TOGA
experiments reproduce the observed teleconnection pat-
tern associated with ENSO events. In particular, the
warm composites for both model and observations are
characterized by below-normal heights over the central
North Pacific and the regions extending northeastward
from the U.S. Gulf Coast to the western North Atlantic,
and by above-normal heights over western Canada and
Alaska. The polarities of these anomaly centers are re-
versed during cold events. The amplitude of the simu-
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Fic. 11. Asin Fig. 10, but for composites over eight cold ENSO events.

lated height anomalies is also comparable with that of
the observed signals.

Inspection of the warm composite patterns based on
TOGA data for individual months (right panelsin Fig.
10) reveals that the amplitude of the cyclonic anomaly
over the North Pacific remains almost constant through-
out the period from December (0) to February (+1).
Similarly, the TOGA-ML composites (left panelsin Fig.
10) also indicate uniform strength of the Pacific anomaly
through the winter months. The temporal evolution of
the anomal ous centers over North Americaand the west-

ern North Atlantic in TOGA is characterized by a dis-
tinct peak in amplitude in February (+1) (see Fig. 10f),
with aperiod of steady growth in the preceding months,
and followed by decay in spring. On the other hand, the
strength of the corresponding anomalies in TOGA-ML
persistsfor arelatively longer period. For instance, large
positive height anomalies over Canada and southern
Greenland are evident through the January—March (+1)
period. Moreover, the negative anomaly over the At-
lantic at ~40°N remains strong in March (+1) and April
(+1), during which the amplitude of this feature in



1 JuLy 2001

TOGA-ML (Figs. 10g and 10i) exceeds that in TOGA
(Figs. 10h and 10j) by more than a factor of 2.

The cold composite patterns for TOGA (right panels
in Fig. 11) indicate that the intensity of the height anom-
alies in the North Pacific/western Canadian sector is
highest in December (0), and undergoes a continuous
attenuation from that month to April (+1). In contrast,
the strength of the corresponding featuresin TOGA-ML
(left panels in Fig. 11) is maintained from December
(0) to February (+1). The maximum amplitude of these
signals in TOGA-ML, attained in January—February
(+1) (Figs. 11c and 11e), is twice as high as that sim-
ulated in TOGA for the same months (Figs. 11d and
11f). The anomalies over the western North Atlantic
and the eastern seaboard of North America are weak in
both TOGA-ML and TOGA throughout much of the
composite period considered here.

In summary, theimpact of additional sea—air feedback
processes outside of thetropical Pacific (asinferred from
differences between the TOGA-ML and TOGA results)
is most discernible in the North Atlantic during March—
April (+1) of thewarm ENSO events (Figs. 10g-), and
in the North Pacific during January—February (+1) of
the cold events (Figs. 11c—). In both instances, the
“direct” atmospheric response to ENSO, as simulated
in TOGA, decays rapidly with time. On the other hand,
the corresponding evolution of the TOGA-ML signals
is characterized by arelatively stronger persistencefrom
one month to the next. This finding is in accord with
the model studies of Barsugli (1995) and Bladé (1997,
1999), who noted that sea—air coupling effectively re-
duces the thermal damping of the atmosphere, thus en-
hancing the temporal persistence of extratropical at-
mospheric signals.

In order to evaluate the extent to which the differences
in amplitude between the TOGA-ML and TOGA fea-
tures in Figs. 10-11 may be attributed to differencesin
the level of temporal variability in the two experiments,
the anomalies appearing in the left and right panels of
these figures have been normalized by thelocal standard
deviation for the respective experiments. The distinc-
tions between the TOGA-ML and TOGA composites,
as noted in the preceding paragraphs, are equally ap-
parent in the patterns for the standardized anomalies
thus computed (not shown). Hence the above compar-
ison of the TOGA-ML and TOGA signals is hot sen-
sitive to the variance characteristics of the two exper-
iments.

b. TOGA-ML versus TOGA: Difference charts

To examine in greater detail the differences in the
atmospheric circulation simulated in TOGA-ML and
TOGA, and to assess the statistical significance of such
differences, the composite anomalies of selected vari-
ables in TOGA have been subtracted from the corre-
sponding fields in TOGA-ML. The difference charts
thus obtained are displayed in Fig. 12, for the Pacific
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sector in January—February (+1) of cold ENSO events
(left panels), and the Atlantic sector in March-April
(+21) of warm ENSO events (right panels). As dem-
onstrated in Figs. 10-11, differences between the two
experiments are largest during these specific months in
the respective ocean sectors. The variables presented in
Fig. 12 include (top panels) 500-mb height, (middle
panels) sea level pressure (SLP), and (lower panels)
surface wind vectors (arrows) and SST (shading).

The confidence level of the signals displayed in Fig.
12 has been evaluated using the technique described in
Chervin and Schneider [1976, Egs. (2)—(3)]. This meth-
od entails the computation of a t value, which is the
ratio of the difference between TOGA-ML and TOGA
to a measure of the variance of the data samples used
in constructing the composites. The latter quantity en-
compasses variability of the anomalies appearing in
each of the four individual runs, and in each of the eight
ENSO warm or cold events considered in this study.
For the 500-mb height and SLP fields (Figs. 12a—d), the
significance levels as estimated by this procedure are
indicated by green shading of various densities. It is
seen that the principal extrema in these panels surpass
the 95% confidence limit. For the surface wind vectors
(Figs. 12¢e/), those grid points with either the zonal or
meridional components exceeding the 90% significance
level are highlighted using bold arrows.

There exists considerable spatial resemblance be-
tween the difference charts for 500-mb height and the
corresponding composite patterns based on TOGA-ML
and TOGA separately (cf. Fig. 12a with Figs. 11c;
and Fig. 12b with Figs. 10g—). Hence these difference
charts primarily portray the amplification of the signals
in TOGA-ML relative to those in TOGA. An analogous
conclusion can be drawn by comparing the surface wind
vectors in Figs. 12e and 12f with the corresponding
regression charts in Figs. 3a and 7a, respectively. In-
spection of the difference patternsin SLP (Figs. 12¢,d)
reveals substantial spatial displacement of the near-sur-
face features from those in the midtroposphere (Figs.
12a-d), especialy in the Alaska—western Canada and
Greenland—Iceland sectors.

To explore the potential role of sea—air feedbacks in
modulating the extratropical response to ENSO forcing,
we next consider the extent to which the differences
between TOGA-ML and TOGA may be attributed to
forcing from the North Pacific and North Atlantic SST
anomalies as indicated by shading in Figs. 12ef. Ad-
vances in our understanding of this issue have thus far
been impeded by the disparate results reported in var-
ious model studies (see recent review by Robinson
2000). Simulated responses to prescribed extratropical
SST forcing are seen to depend on many details of ex-
perimental design, such as placement and polarity of
the SST anomaly, background flow, sampling method-
ology, model numerics, and so on.

Sensitivity experiments have been conducted by Fer-
ranti et al. (1994), Peng et al. (1995, 1997), Rodwell et
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Fic. 12. Difference patterns as obtained by subtracting the four-run averaged composite fields for TOGA from the
corresponding fields for TOGA-ML: (left) cold composites in Jan—Feb (+1); (right) warm composites in Mar—Apr (+1);
(top) 500-mb height (contours, interval: 5 m); (middle) sealevel pressure (contours, interval: 0.5 mb); (bottom) sea surface
temperature (shading, see scale bar at bottom) and surface wind vectors (see scale at bottom). The statistical significance
of the features in (a)—(d) is indicated using green shading (see scale bar below middle panels). Wind vectors in (e) and
(f) with either the zonal or meridional component exceeding the 90% significance level are highlighted using bold green
arrows. Vectors not meeting this criterion are plotted in thin green arrows.

a. (1999), and Venzke et a. (1999), among others, by  picted in Fig. 12. The potential role of sea—air feedbacks
prescribing SST anomalies over various portions of the is further reinforced by findings based on the coupled
North Pacific and North Atlantic. The spatial relation- GCM experiments analyzed by Delworth (1996), Grotz-
ships between SST forcing and model response noted ner et al. (1998), and Saravanan (1998). These studies
in some of these studies are consistent with those de- indicate that the leading modes of coupled variability
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over the North Atlantic and North Pacific are charac-
terized by atmospheric patterns similar to Figs. 12a—d,
and SST patterns resembling Figs. 12e/f.

6. Summary and discussions

Results from the TOGA-ML experiment indicate con-
siderable sensitivity of the SST conditions in both the
North Pacific and North Atlantic to ENSO forcing in
the tropical Pacific. The temporal lag of extratropical
SST anomalies relative to the ENSO forcing (Figs. 1
and 6), as well as the salient roles of ENSO-related
atmospheric anomaliesin driving the extratropical ocean
mixed layer (Figs. 3 and 7), confirm the impacts of
ENSO on SST variability at various sitesin the northern
oceans through the atmospheric bridge mechanism. Re-
gression statistics of SST and selected atmospheric
fields near the ocean surface, as computed using output
from TOGA-ML, are in good agreement with obser-
vations. The advantages of using a higher (R30) reso-
lution in the current study than the R15 runs examined
previously are apparent from the almost twofold in-
crease in the amplitudes of the oceanic and atmospheric
signals presented here (e.g., compare the SST and geo-
potential height charts in Figs. 1, 6, 10, and 11 of this
study with the corresponding results in Figs. 8 and 12
in LN96 based on the R15 version).

Detailed diagnosis of the surface heat budgets at se-
lected sites in the North Pacific and North Atlantic dur-
ing individual months (Figs. 4, 5, and 8) reveals strong
seasonal dependence of various components of the sur-
face heat fluxes. Anomalous wind speeds typically peak
in January—February (+1), thus resulting in prominent
contributions of the terms —CZV'AT and —C V'AqQ in
that period. Variationsin T, and g, tend to lag those in
T, and g, by 1-2 months, so that the composite time
seriesfor the oceanic and atmospheric anomaliesin tem-
perature or humidity (see pertinent red and blue curves
in Figs. 4, 5, and 8) intersect each other in February—
April (+1). In the months preceding this crossover
point, the sea—air gradients AT’ and Aq’" are such that
the terms —C VAT’ and —C,VA(Q' have the same po-
larity as the concurrent T,. In the period after the in-
tersection, both AT’ and Aq’ change sign, and the same
terms oppose the SST signal. Anomalous shortwave ra-
diative fluxes contribute strongly to the surface heat
budgets at the subtropical sites D and E during the win-
ter months (see Figs. 8h and 8l).

The evidence presented in section 5 suggests that sea—
air coupling over the North Pacific and Atlantic may
affect the local atmospheric response to ENSO through
the following:

» Enhanced temporal persistence of the atmospheric
anomaly, due to attenuation of thermal damping as-
sociated with an ocean mixed layer with finite heat
capacity (see discussion in section 5a).

« Driving of the atmospheric circulation by midlatitude
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SST anomalies generated by the atmospheric bridge
(see discussion in section 5h).

Further model experimentation and data diagnosis are
needed to ascertain the relative contributions of in-
creased persistence versus dynamical sea—air feedbacks
to ENSO-related variability of the extratropical coupled
system.

The impact of ocean—atmosphere interactions on the
atmospheric signals, as deduced from differences be-
tween the composite charts based on the TOGA-ML
and TOGA experiments (Figs. 10-12), is seen to exhibit
a notable dependence on the polarity of ENSO events,
ocean basin, and seasonal timing. Such dependencies
may partially be attributed to the following factors:

o Comparison of the *““direct”” atmospheric responsesto
warm and cold ENSO events (asinferred from TOGA
output, see right panels of Figs. 10-11), reveals that,
in addition to a sign reversal, the principal anomalies
in the warm and cold composites also differ consid-
erably in amplitude and spatial pattern. Some of these
differences could be linked to disparities between the
tropical Pacific precipitation anomalies (and the at-
tendant diabatic forcing) occurring in the warm and
cold events considered here. For instance, the TOGA
composite charts for precipitation rate (not shown)
indicate that the amplitude of the enhanced precipi-
tation over the central equatorial Pacific remains high
throughout the period from December (0) to March
(+1) during warm events, whereas the strength of the
corresponding (negative) anomaliesin the cold events
undergoes a steady decline from December (0) to
March (+1). The distinct temporal evolution of the
tropical diabatic heating during warm and cold epi-
sodes may account for the prolonged appearance of
the extratropical atmospheric response in the warm
composites for 500-mb height (right panels of Fig.
10), and the noticeable decay in strength of the cor-
responding signals in the cold composites (right pan-
elsof Fig. 11). The nonlinear characteristicsof rainfall
anomalies in El Nifio and La Nifa episodes, and their
implications on extratropical teleconnections, have
previously been studied by Hoerling et al. (1997).

o Midlatitude sea—air interactions could be dependent
on the strength of the local wind circulation, which
is related to the polarity of the ambient geopotential
height anomalies. Model results presented by Webster
(1981) indicate that weak zonal background flows al-
low for a stronger coupling between the atmospheric
circulation and the local heating or cooling due to
SST anomalies (i.e., the system approaches the ““ dia-
batic limit”"). Conversely, when strong basic wind
conditions prevail, the system is in the ‘‘advective
limit,” with thermal advection by the horizontal flow
playing a dominant role, and local coupling between
the SST anomaly and the atmospheric circulation be-
coming much weaker. Held and Ting (1990) have sim-
ilarly noted that the atmospheric response to extra-
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tropical heating decreases as the strength of the low-
level flow increases. The findings of our study arein
accord with these results: the effects of ocean—at-
mosphere coupling is most evident near Site A in the
cold composite (Fig. 11), and near Site C in thewarm
composite (Fig. 10). In both instances, the SST anom-
aly at Sites A or C is sandwiched between a positive
geopotential height anomaly to the north and a neg-
ative anomaly to the south, so that the strength of the
prevalent westerlies at the SST site itself is reduced,
and the system is closer to the diabatic limit.

» The impact of sea—air interaction on the atmospheric
signal over the Atlantic is most discerniblein March—
April (+1) of warm events (Fig. 10). The seasonal
timing of strong coupling in this sector may berelated
to that of the direct atmospheric response to ENSO
in the Atlantic region (asinferred from TOGA output).
It is seen from Fig. 10f that the latter response does
not attain maximum amplitude until February (+1).
The somewhat delayed occurrence of the Atlantic
height anomalies (relative to those over the Pacific)
may in part be linked to the temporal evolution of the
eastward-propagating Rossby wave train over the ex-
tratropical Western Hemisphere, as noted in the ob-
servational study by Honda et al. (2001). Another
contributing factor to the seasonal timing of sea—air
coupling in the Atlantic is that the ENSO-driven SST
anomalies at various Atlantic sites are strongest in
March-April (+1) (see top panels of Fig. 8). Hence,
it is during this phase of the seasonal cycle that these
SST anomalies are most effective in influencing the
local atmospheric circulation.

This study presents evidence on teleconnections be-
tween ENSO forcing in the tropical Pacific and SST
changes not only in the North Pacific, but also in the
North Atlantic. The covariability of SST in the near-
equatorial and north temperate portions of the Pacific
basin has been thoroughly documented in previous in-
vestigations. The more remote link between ENSO and
the North Atlantic has thus far received less attention.
The possibility of other atmospheric bridges connecting
ENSO events to the tropical Atlantic and Indian Oceans
(as described by Enfield and Mayer 1997 and Klein et
al. 1999), as well as to the southern oceans, also needs
to be explored.

Whereas the emphasis of the present study is on the
linkages between ENSO and the surface conditions of
extratropical oceans, it is noteworthy that SST changes
in the tropical Pacific account for only a fraction of the
SST variance in the North Pacific and North Atlantic.
For instance, the singular value decomposition analysis
presented in Fig. 9 of LN96 indicates that tropical Pa-
cific SST forcing explains 35% and 56% of the observed
and R15-simulated North Pacific SST variability, re-
spectively. Furthermore, Deser and Blackmon (1995)
have identified a SST pattern in the North Pacific that
is independent of ENSO. There is hence a considerable
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amount of SST variability in midlatitude oceans that
cannot be attributed to ENSO processes. To gain acom-
prehensive understanding of extratropical ocean vari-
ability, it is necessary to take into consideration remote
ENSO influences as well as other mechanisms operating
within the temperate zone.

In view of our findings on the seasonal timing of
various atmospheric and oceanic signals, the detailed
seasonal dependence of various facets of sea—air inter-
action related to ENSO needs to be taken into account
in future investigations. These studies would benefit
from simul ations using an ocean mixed layer model with
avariable depth (e.g., Alexander et a. 2000). This mod-
el improvement would not only yield more realistic geo-
graphical and seasonal dependence of the thermal ca-
pacity of the surface ocean, but would also alow for
temporary sequestration of heat energy below the ther-
mocline (Alexander and Deser 1995). The latter process
could result in a longer-term memory of the ocean sys-
tem, and may contribute to coupled sea—air variability
on timescales much longer than those (i.e., several
months) considered here.

The evidence presented in section 5 demonstratesthat
much can be learned about the nature of extratropical
ocean—atmosphere feedbacks by examining the differ-
ences between the simulations in TOGA-ML and
TOGA. Ensemble runs with still larger sasmple sizesare
necessary to assess the robustness of these results. In-
tegrations using other GCMs and experimental designs
would also serve as independent checks on different
aspects of the atmospheric bridge mechanism as re-
ported in the present study.

Experimentation with an atmospheric GCM coupled
to an ocean mixed layer model with variable depth is
currently under way. The number of parallel runs for a
given SST forcing scenario is to be increased from the
present 4 to 8 or even 16. Results from this new suite
of integrations will be reported in the future.
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